Abstract Himalayan soils undergo dramatic temporal changes in their microclimatic properties. The soil habitats in the high altitude cold habitats of Himalayas are little explored with respect to bacterial diversity and metabolic potentials of the bacterial species. Soil habitat in Western Himalayas is dominated by the genera of Pseudomonas, Arthrobacter, Bacillus, and Flavobacterium. Strains were found to be diverse in their metabolic potentials to utilize different carbon sources by growing them on media containing 114 different sole carbon sources. Bacillus sp. STL9 was supported by the lowest number (12.3%) of the carbon sources while growth was observed in 73.7% of the carbon sources tested for the Pseudomonas sp. SPS2. Carbohydrates appeared to be preferred carbon sources for these Himalayan isolates followed by amino acids and proteins. These microbes also produced various extra-cellular hydrolytic enzymes having biotechnological potentials, lipase being the one secreted by most strains (85.7%) followed by b-galactosidase (42.8%). Antibiotic resistance profiling for 85 different antibiotics has also been described.
Introduction
The great mountain system of Himalayas forms a barrier between the Tibetan Plateau to the north and the alluvial plains of the Indian subcontinent to the south. The Himalayas include the highest mountains in the world, with more than 110 peaks rising to elevations of 24,000 feet (7,300 m) or more above sea level. Most part of the mountains rise above the line of perpetual snow. The soil types in Himalayas are diverse and include; a high humus content soil, Podzolic soils (infertile, acidic forest soils) and even saline soils in the dry high plains.
The soil habitats in the high altitude cold habitats of Himalayas are little explored with respect to bacterial diversity. These hilly terrains differ from their polar counterparts in showing extreme seasonal variations in temperature and are surrounded by land masses where average temperature is higher and support mesophilic bacterial communities. The Himalayan soil environments are distinct from those in polar-regions and are characterized by dramatic seasonal shifts in physical and biochemical properties. These changes are further confounded by altitude gradient of climatic changes. Winter is characterized by intermittent snow cover and fluctuating subfreezing temperatures; summer has intense, desiccating sunshine punctuated by infrequent rains [1] .
Bacteria are renowned for their rapid evolution in response to novel selection pressure. Any environment subject to varying selection, either spatially or temporally may harbor suites of bacteria that are capable of rapid change. The emergence and spread of antibiotic resistance [2] are perhaps the best known examples. Many more examples of rapid evolution of metabolic characters have been described for a diverse range of bacterial species, and most cases involve the emergence of novel genes and their spread in environments that are subject to marked human impact [3, 4] . Although important information about the metabolic versatility of bacteria in human-impacted environments can be gleaned from the literature [5, 6] , whether such versatility is a general property of natural microbial communities is less well known.
We have previously carried out phylogenetic diversity study in the soil samples from these Himalayan habitats using partial 16S rDNA sequence data. The cultured bacterial strains belonged to Protobacteria (largely gamma-Proteobacteria), Firmicutes, Actinobacteria, and Bacteroidetes [7] . Most of the strains belonged to the genus Bacillus (30%), followed by Pseudomonas (24%), Arthrobacter (12%), and Flavobacterium (6%). In this study, we report characterization of representative strains of Bacillus, Pseudomonas, Arthrobacter, and Flavobacterium with respect to their metabolic capabilities. Potential of these microbes to produce various extracellular hydrolytic enzymes, and antibiotic resistance profile for 85 different antibiotics have also been described. This is the first report describing the metabolic characteristics of dominant, cultivated, aerobic bacterial strains from the permanently cold habitats of Western Himalayas. This habitat is little explored with respect to microbial composition and physiological characteristics of the residing strains.
Materials and Methods

Isolation of Bacteria and Growth Conditions
The surface soil samples were collected from different altitudes of Western Himalayan range situated at 34.10 N and 77.40 E. The temperature of the soil ranged from -20 to ?10°C at the time of sampling. The samples were brought to the laboratory under ice and stored at -20°C. Soil samples were used for measurement of volatile solid content (drying at 450°C for 5 h) as per the standard protocols [8] .
Ten fold serial dilutions of samples in sterilized normal saline were surface spread on ABM agar plates containing peptone, 5 g; yeast extract, 3 g; agar, 15 g and distilled water, 1,000 ml. Sets of triplicate plates for each dilution were incubated at 10°C. Colonies were picked up after 7 days of incubation at 10°C, purified and maintained in 15% (w/v) glycerol at -70°C.
Qualitative Assay for Production of Extracellular Enzymes
Qualitative assay for extracellular protease, amylase, b-galactosidase, lipase, cellulase, and alkaline phosphatase was carried out as described earlier [9] . Hemolytic activity was tested on blood agar medium.
Carbon Source Utilization
The ability of the culture to utilize a carbon source was checked by taking carbon compound in minimal medium without citrate (1.05% K 2 HPO 4 , 0.45% KH 2 PO 4 , 0.1% (NH 4 ) 2 SO 4 , 1.5% agar). Carbohydrates, alcohols, organic acids, and phenolics were used at a concentration of 20 mM and amino acids at 10 mM as described by Meichichi et al. [10] . Tests were scored positive when growth of strains was observed when compared with strains grown in minimal medium without carbon source. Chemicals were obtained from Sigma, USA and Hi-Media, India and were of reagent grade.
Antibiotic Sensitivity and Isolation of Plasmid DNA Sensitivity of the cultures to various antibiotics was tested by using antibiotic discs supplied by Hi-media Pvt. Ltd., India. ABM agar medium in 90 mm diameter sterile petridishes to a depth of 4 mm was used for surface spreading freshly grown cultures. Plates were incubated at 20°C aerobically for 48 h and zone of growth inhibition was analyzed by zone reader. The antibiotics used and their respective concentrations are listed in supplementary Table  S2 .
Plasmid DNA was extracted and purified by the method of Sambrook et al. [11] and also using the commercial kit (Qiagen, GmbH) as per manufacturer's instructions.
Results and Discussion
Aerobic, heterotrophic strains SMT9 (AM689953), SPS2 (AM689946), SCP7 (AM690003), SMT7 (AM690032), SKT4a (AM690004), STL9 (AM690035), and RSS4 (AM690029) exhibited 98, 96, 97, 98, 98, 98, and 97% identity at 16S rRNA gene sequence level with Pseudomonas fluorescens, Pseudomonas veronii, Pseudomonas frederiksbergensis, Arthrobacter agilis, Arthrobacter methylotrophus, Bacillus soli, and Flavobacterium limicola, respectively. The strains were selected from the set of 173 cultured and uncultured bacteria obtained from various environmental samples from Western Himalayas on the basis of their novelties both at 16S rRNA gene sequence and phenotypic level [7] .
Production of Extracellular Hydrolytic Enzymes
Ability of microbes to secrete six different extra-cellular hydrolytic enzymes was tested in addition to the hemolytic activity (Table 1 ). Isolates produced one or more (up to 4) hydrolytic enzymes, lipase being the one secreted by most strains (85.7%) followed by b-galactosidase (42.8%). Cellulase and hemolytic activity were not observed among the selected strains. Protease (28.5%), alkaline phosphatase (28.5%), and amylase (14.2%) were moderate in prevalence. Strain SPS2, SMT7, SKT4a, and STL9 produced more than one extra-cellular hydrolytic enzyme, while strain RSS4 did not produce any of extra-cellular hydrolytic enzymes tested. The production of extracellular enzymes by the isolates, like amylase, lipase, alkaline phosphatase etc. could be playing a key role in organic matter cycling in the Himalayan soil habitats. Enzymatic activities of aminopeptidase and b-glucosidase in Antarctic Ross Sea sediments have been investigated by Fabiano and Danovare [12] . These enzymes were shown to play an important role in organic matter diagenesis.
Culturable bacteria, capable of producing cold adapted hydrolytic enzymes from sea-ice of high latitude ocean of Arctic, have been reported by Yu et al. [13] . Majority of the psychrophilic strains were able to secrete various psychrophilic enzymes into the medium at 4°C. Among these, lipases were most frequently observed (62.6%), followed by glutinases (51.4%) and amylases (40.5%). The present study also shows prevalence of extracellular hydrolytic enzymes in a similar fashion, except the alkaline phosphatase activity which was probably not studied by the authors.
Utilization of Different Carbon Sources by Strains Showing Novel Characteristics
The bacterial strains showed remarkable diversity in their range of metabolic capabilities. Bacillus sp. STL9 (supplementary Table S1 ; Fig. 1 ), was supported by the lowest number (12.3%) of the carbon sources; growth was observed in 73.7% of the carbon sources tested for the Pseudomonas sp. SPS2. There were marked differences in the metabolic idiosyncrasies of the strains even within the highly versatile group of pseudomonads. Pseudomonas strain SCP7 utilized merely 17.5% of the total carbon sources tested, while the other strains SMT9 and SPS2 were more versatile and could grow on 32.4 and 73.7% of the carbon sources, respectively. Pseudomonas, an enormously diverse genus of the c-Proteobacteria, is an important member of soil microbial communities [5] . Members of the genus have been isolated from essentially all environments studied [6] , including alpine soil, where it was identified as the most prevalent culturable genus [14] . The genus exhibits remarkable metabolic variation [15] . The great metabolic flexibility of Pseudomonas species perhaps allows them to inhabit variable environments such as those reported in the present study. One strategy might be the evolution of strains that are capable of utilizing a large number of different carbon sources for growth. Alternatively, because the alpine environment is highly heterogeneous with pockets of specific carbon compounds, a large number of different strains that have recently gained or lost the ability to grow on particular sources of carbon may exist. Arthrobacter sp. SKT4a (53.5%) and Flavobacterium sp. RSS4 (71.9%) were the other two bacterial species with remarkable metabolic potentials. High alpine soil environments are characterized by dramatic seasonal shifts in physical and biochemical properties. It has been suggested that changes in many organic compounds lead to shifts in selection pressures over time [16, 17] . Moreover, as soils change from wet to dry, the spatial distribution of sources of carbon for growth becomes more heterogeneous. Bacterial species that are most responsive to these severe and shifting selection gradients are likely to evolve more rapidly in response to these changes. The remarkable metabolic versatility of Flavobacterium strain RSS4 in the present investigation is of special interest. Members of this group have been reported from ice samples from non-polar glacier [18] , though their metabolic potentials have not been explored. The present study suggests that species of Pseudomonas and Flavobacterium could be playing a significant role in biogeochemical cycles in the soil habitats of Western Himalayas.
Carbohydrates appeared to be preferred carbon sources for these Himalayan isolates followed by amino acids and proteins (supplementary Table S1 ). Among amino acids and proteins the affinity of isolates greatly varied, some of the amino acids were either not utilized [DL-b-phenylalanine, D-serine, and 3-(3,4-dihydroxyphenyl) DL-alanine] or utilized by a single bacterial strain (L-hydroxyproline, L-tryptophan, and L-threonine). On the other hand a few amino acids were extensively utilized as sole carbon source. For example L-cystine and D-alanine supported growth of all the seven selected Himalayan strains while, L-aspartic acid was utilized by 5 strains and L-proline, and glycine by six out of seven strains tested. Similarly, utilization profile of sugars had a broad spectrum with aesculin and a-cyclodextrin not utilized by any of the isolates on one hand, as against D-trehalose, D-mannose, D-fructose, D-mandelic acid, b-cyclodextrin, and Ca-D-saccharate being utilized by most of the strains.
Alcohols, organic acids and phenolic compounds are not preferred carbon sources for the Himalayan isolates and a tendency to use them was only observed in strain RSS4 (58.6% of alcohols, organic acids and phenolics), SPS2 (68.9%) and SKT4a (34.4%). Among alcohols, organic acids and phenolics; succinic acid, DL-2-Amino-n-butyric, acid and benzoic acid are the most commonly used carbon sources.
The carbon source utilization profile for the selected Himalayan isolates was consistent with the results obtained with 17 cold tolerant strains of Pseudomonas isolated from alpine soil [19] , in that, glycine, benzoate, starch, maltose, trehalose, sucrose, and cellobiose were utilized by equivalent proportion of strains from the two habitats. However, these two groups exhibited marked difference in their preference for citrate, acetate, and casein. With respect to the metabolic potential of Pseudomonas species, the Himalayan isolates appear to be more versatile towards utilization of various carbon sources.
Antibiotic Resistance and Prevalence of Plasmids Among Selected Strains
All the seven selected strains were tested for resistance to 85 different antibiotics ( Fig. 2; supplementary Table S2) . Maximum resistance was observed in the Flavobacterium sp. RSS4 (56.4%), followed by Pseudomonas sp. SPS2 (47%), and Pseudomonas sp. SMT9 (42.3%). Occurrence of antibiotic resistance were extremely low for the Bacillus sp. STL9 (12.3%) and Arthrobacter sp. SKT4a (10.5%). Fig. 1 Metabolic potentials of cold active bacterial strains from Western Himalayas. The ability of the culture to utilize a carbon source was checked by taking carbon compound in minimal medium without citrate. Carbohydrates, alcohols, organic acids, and phenolics were used at a concentration of 20 mM and amino acids at 10 mM All the strains were highly sensitive to antibiotics, sparfloxacin, spectinomycin, streptomycin, nalidixic acid, pefloxacin, oxacillin, lomefloxacin, minocycline, tetracycline, moxifloxacin, levofloxacin, oxytetracycline, and norfloxacin at the concentrations tested. Resistance to cefpodoxime, cephalexin, cephradine, cephaloridine, sulphadiazine, oleandomycin, metronidazole, lincomycin, and methicillin was frequently observed and more than 50% of the strains could grow on these antibiotics at the concentration tested. Curiously, we did not observe presence of any plasmid in the strains SMT9, SKT4a, and STL9. Attempts to extract plasmid were made using various isolation protocols but we could not isolate intact plasmids in these Himalayan strains. Strains SPS2, SCP7, SMT7, and RSS4 harbored ([10 kb) plasmids, though the preparations were of poor quality showing extensive degradation of the plasmid DNA.
Prevalence of antibiotic resistance among bacteria from the pristine environment of Himalayas is of concern in the context of the fact that snow and ice-covers are used by the human population in Himalayas, as drinking water sources. The high frequency of antibiotic resistance observed among selected Himalayan isolates is in marked discordance with the generally accepted hypothesis that bacteria found in pristine habitats display low level of antibiotic resistance [20] .
Antibiotic resistance profiles have been largely studied in bacteria from clinical sources and such information is scanty with respect to environmental bacteria. Kelch and Lee [21] studied antibiotic resistance patterns of Gramnegative bacteria isolated from mesophilic environmental sources including rivers and Bay of Tillamook, Oregon. For a total of 2,445 Gram-negative bacteria studied, a correlation of antibiotic resistance pattern from different sources was observed indicating their common origin. It was hypothesized that bacteria which share a common environment also share a common mode for the development of antibiotic resistance. This hypothesis does not seem to hold good in present investigation as there is extreme heterogeneity of antibiotic resistance profile among isolates from similar environmental niches.
Antibiotic resistance genes have an environmental origin, sometimes as an antibiotic protective mechanism and sometimes with a different function [22] . Fig. 2 A comparison of antibiotic sensitivity profile among bacterial strains from Western Himalayas. Sensitivity of the cultures to various antibiotics was tested by using antibiotic discs on ABM agar medium. Freshly grown cultures were surface spread, plates were incubated at 20°C aerobically for 48 h, and zone of growth inhibition was analyzed by zone reader. Resistant = no zone of inhibition; weakly resistant \3 mm of inhibition zone; sensitive C3 mm of inhibition zone
